We have used synchrotron X-ray diffraction experiments to measure the strain field introduced by a hydride blister grown on a section of a pressure tube from a CANDU nuclear reactor. After charging the tube section with a homogeneous hydrogen concentration of 300 wt ppm, the blister was produced by creating a small cold spot on its surface (~200 o C), while the bulk was kept at a temperature of 338 o C over a period of 1008 hours. The blister studied here is ellipsoidal in shape, with its long axis along the tube axial direction. The experiments were performed on the wiggler beam line ID15 at the European Synchrotron Radiation Facility (ESRF), using a polychromatic beam of high-energy X-rays (60-300keV). Unlike conventional X-ray diffraction, in this mode the scattering angle is fixed and the diffracted beam is discriminated on the basis of the photon energy. The results show that the blister is composed by two crystallographic phases (δ-ZrH and α-Zr), with volume fractions varying with position. The maximum stresses appear at the blistermatrix interfaces. Near the tube outer surface, we found large compressive stresses of (-450±90) MPa along the blister long axis, and tensile stresses (+320±90) MPa along the tube hoop direction. The main uncertainty in these stresses results from the uncertainty in the elastic constants of the hydride phase. Large strains and broad peaks were observed for this phase, which were explained by a rather low Young modulus (35GPa) for the hydride. The results are compared with finite elements simulations found in the literature.
INTRODUCTION
In CANDU nuclear power reactors, pressure tubes of cold-worked Zr-2.5%Nb material are used in the reactor at operation temperatures ~300 o C. Over time, the pressure tubes absorb a small fraction of the deuterium (D) from the heavy water used as coolant. Cold spots due to the unexpected contact with other reactor components introduce thermal gradients within the tube. These gradients lead to the redistribution of D and the precipitation of hydrides, which can result in the formation of hydride blisters at the cold spot, and ultimately to the tube failure [1] . Hydride blister formation is also a relatively common mode of failure on Zircaloy-4 fuel cladding [2] .
The local stress field created by a blister dictates the morphology of the hydride precipitates, as well as the propagation of cracks in the component. Several theoretical models have been proposed for the stress field around and within a hydride blister [3, 4, 5] , but experimental results about these stress fields are still lacking. It is the aim of this work to present diffraction measurements of the stress field around and within hydride blisters specially grown on Zr2.5%Nb pressure tubes. We expect this information will provide sound experimental data to explain the change in hydride orientation that occurs at the hydride-metal interface. Besides this, it should serve as a benchmark to validate the several assumptions adopted on the finite element models of this problem that have been presented in the literature [3, 4] .
EXPERIMENTAL
The samples were produced from a section of a commercial Zr2.5%Nb pressure tube. The tube section was charged to a hydrogen concentration of 160 wt ppm, by gas charging at 320°C using a Sieverts-type device. After that, the specimen was kept at 400°C for one hour, in order to obtain a uniform hydrogen distribution without affecting the microstructure of the material. Several samples were machined out from this section with dimensions of 15 mm, 10 mm and 4 mm along the hoop, axial and radial directions, respectively, as indicated in Figure 1 -(a). A blister was produced on the outer surface of each sample by a localized thermal gradient, obtained by pressing an aluminium cold finger (2.2x10 mm along the hoop and axial directions respectively), while the sample was kept in an electric furnace. Details about the experimental device can be found in [6] . Blisters were grown for several furnace temperatures (300 to 365°C) and for different treatment times (400 to 3400 hours). Due to space limitations, we will present here the results for a blister grown with the furnace at 338 o C over a period of 1008 hours. A photograph of the blister surface is shown in Figure 1-(b) . Below the surface, the blister is expected to have a semi-ellipsoidal shape up to a maximum depth of around 0.5 mm from the tube outer surface [6] . Microscopic observation of the actual blister cross section will follow, after completion of other non-destructive diffraction experiments. The wiggler beam line ID15A at the ESRF produces high energy X-rays in the region of 50-300 keV and can be operated in energy-dispersive mode. Unlike conventional X-ray diffraction, in this mode the scattering angle is kept fixed and the diffracted beam is discriminated on the basis of photon energy. This is achieved with Ge solid-state detectors and multi-channel analysers, where the channel number can be readily converted to photon energy or lattice distances. In this case two detectors were mounted at 2θ =10 o (vertically and horizontally) with their scattering vectors nearly orthogonal, permitting the simultaneous measurement of two strain components, i.e., along the radial and axial directions for the sample displayed in Figure 1 -(c). In order to achieve good spatial resolution along the tube thickness at reasonable count rates, both the incident and receiving slits were set to 0.1 mm and 0.2 mm along the horizontal and vertical directions respectively. Due to the very low diffraction angles, this results in a gauge volume elongated ~2 mm along the hoop direction, which spans the full width of the blister. The sample was scanned across this gauge volume by translating it on the radial-axial plane, and diffraction spectra from each location were recorded by both detectors using counting times of 300 seconds. Here, we will present the results of a scan performed along a line buried 100µm under the tube outer surface, parallel to the long axis of the blister and spanning a distance of 5 mm from the blister centre, as shown by the inset of Figure 2 shows the diffraction spectra for the tube metal (a) and for the blister (b) over a selected energy range. Measurements were made along different directions and at four different locations within each coupon. For all the spectra studied in this work, the position and area of peaks showing no severe overlapping were defined by least-squares refinement using a Voigt peak profile. 
RESULTS

PHASE VOLUMES:
The spectra displayed in Fig. 2 -(a) have been indexed by a major phase (α-Zr) and two minor phases (ω-Zr and δ-Zr hydride). The ω-Zr is a metastable phase that results from decomposition of β-Zr retained after the tube extrusion process on the α+β field at 815 o C. Depending on the local hydrogen composition and cooling rate, zirconium hydride (ZrHx) can precipitate at room temperature into three different crystallographic phases: γ for x=1, δ for 1.31<x<2, and ε for 1.67<x<2 [7] . The presence of δ-hydride in the tube metal is in accordance with previous observations [8] . All the phases are highly textured, as reflected by some missing reflections along particular sample directions. For instance, there are neither α-(20-20) nor δ-(400) reflections along the radial direction, in agreement with the orientation relationship commonly found between the hydride and the α-Zr phases [8] . However, a quantitative comparison of peak intensities is not straightforward from the figure, as the spectra are not properly normalized (attenuation, incident intensity, etc). For the blister, Fig. 2-(b) shows that δ-hydride is the main phase, but a fair volume of α-Zr phase is also present. In both figures the hydride peaks appear noticeably broader than the α-Zr peaks. In terms of a relative peak width, σ=∆d/d (from the fitted Voigt width and peak position), we obtained average values of σ δ =(5700±200)µε and σ α =(2500±50)µε for the hydride and the metal respectively as compared to a value of σ Fe =(2150±50)µε for a reference specimen made of iron powder. A possible explanation for this is provided in the next section. The diffraction spectra recorded along the line-scan of the sample gradually evolved from the tube metal spectra of Fig. 2-(a) to the blister spectra of Fig 2. (b) . In Figure 3 we show an estimation of the variation of the volume fractions of α-Zr and hydride across the sample. This estimation is based on the areas of the α-(11-20) and δ-(220) reflections measured for the radial direction. A detail of these peaks, as measured within the blister, is shown in Fig. 4-(a) . This analysis assumes that the tube metal is pure α-Zr and that the texture does not vary with position. The latter assumption was supported by observing similar intensity trends for all hkl reflections. The only exception was the (0004) reflection, which presented deviations of -380 µε, 420 µε and 440 µε along the radial, axial and hoop directions respectively. This corresponds to a compression of 85MPa in the radial direction and a tensile load of 25MPa in the axial-hoop plane. This is opposed to the stress state predicted in Ref [8] , based on an interpretation of TEM observations of the hydride microstructure. Figure 4 -(a) shows a detail of the diffraction spectra along the radial and hoop directions, from three different locations within the blister coupon. By contrast to the tube metal, the spectra change considerably across the coupon due to local variations in hydride volume fraction. The graph shows that the area of the δ-(220) peak increases as the area of the α-(11-20) decreases (please, note the log-y scale). Also the δ-(220) peak shifts towards longer d-spacings along the radial direction and towards shorter values along the hoop direction, whilst the α-(11-20) peak remains essentially fixed. The same behaviour is observed for other reflections. The fact that the α-Zr lines remain almost fixed discard instrumental artifacts as an explanation of these hydride peak shifts. On the other hand, changes in the lattice parameter of the cubic hydride phase due to differences in composition can also be discarded, as different sample directions show opposite peak shifts. So the shifts must be due to residual stresses within the blister coupon, either macroscopic or intergranular in origin. In order to asses their origin, Figure 4 -(b) compares the shifts observed in the δ-(311) reflection across the coupon with the shifts observed along the line scan of the actual sample. It should be noted that different sample directions were measured on each case. Also, note that there are some differences between the x-scales of the curves, as the blister in the coupon is not identical to the one in the sample, and different experimental setups were used for each specimen. On the right axis of the figure, the shifts are expressed in terms of elastic strain. The equivalent strain values are surprisingly large, i.e., up to 15000 µε difference between directions. An explanation for this will be provided in the next section. Here we note that around the blister/tube interface, where the hydride concentration is low, the δ-(311) distance along the hoop and radial directions of the coupon become closer, whilst for the sample the radial and axial lattice distances display their largest difference as a result of large macroscopic stresses. Exactly the opposite behaviour is seen at the blister centre where hydride content is at its maximum, the radial and axial directions present nearly the same δ-(311) distance within the sample, whilst the radial and hoop directions of the coupon differ by nearly 5000 µε. Moreover, near the blister centre the lattice distances measured for the coupon and the sample along the radial direction are the same. This suggests that no macroscopic stresses exist within the sample at the blister centre. From these observations we consider that macroscopic stresses due to the blister mismatch are small within the blister coupon. So we ascribe the different lattice distances measured for the coupon to microscopic stresses at grain level. The magnitude of these microscopic stresses depend on the hydride volume fraction, and result on a different δ-(311) distance for the hoop than for the radial and axial directions. Based on this interpretation, we suggest a value of 1.4334 Å for the unstressed δ-(311) distance as indicated in Fig 4-(b) , which would result on the hydride phase being -180 MPa in compression along the hoop direction and 80 MPa in tension along the radial and axial directions at the blister centre. For a proper evaluation of the macroscopic stresses, the strains measured in the coupon were subtracted from the strains measured along the line scan in the sample. So, an interpolation of the coupon results was performed, which is shown as a red dotted line in Fig. 4-(b) . Some uncertainty is introduced by this procedure, as the correspondence between positions in the coupon and in the blister is not precisely known yet. So, when doing this we also tried to match the local hydride volume fractions from both samples. A precise analysis of the α-Zr peaks measured for the blister coupon revealed rather similar results for this phase, but on a much smaller scale. i.e., the largest difference between directions was 800 µε at the blister centre. So, the α-Zr strains were also corrected by local 0 hkl d variations within the blister. Outside the blister, we used the value of 0 hkl d discussed in the previous paragraph. Figure 5 shows the elastic strains evaluated for both phases. The strains for α-Zr correspond to the average of the strain from seven reflections for the radial direction and from five reflections for the axial direction. The strains for the hydride correspond to the shifts measured for the δ-(311) reflection only. The hydride concentration is very low after 3 mm from the blister centre, which prevented a proper strain analysis. shows that the maximum strains for both phases are found at the blister-tube interface, i.e., 2.5 mm away from the blister centre. Yet the strains in the hydride phase are up to six times larger than those in the α-Zr phase, so some caution should be taken about their true meaning. Little experimental information exists in the literature about elastic strains within the δ-hydride phase. Two recent works have presented the elastic strains that develop in δ-hydrides precipitated in Zircaloy-2 during uniaxial loading; as given by synchrotron X-ray diffraction experiments. Steuwer et al [9] have measured a 22000 µε shift for the δ-(311) peak at 450 MPa for 400 wt ppm hydrides in Zircaloy-2, which was interpreted as a stress-induced phase transformation between the δ and γ phases. On the other hand, Kerr et al [10] , measured strains of up to 7700 µε for the δ-(111) reflection at 370 MPa for 90 wt ppm hydrides in Zircaloy-2, which was explained by a load transfer from the Zr matrix to the hydride inclusions. In both works the strains in the hydride were considerably larger than the strains in the α-Zr phase. So the results found here for large hydride content are compatible with the experimental information at low hydride contents.
As the line scanned is rather close to the specimen surface, we will assume that the macroscopic radial stress is always zero. With this assumption we can calculate the stresses from the two strain components presented in Fig. 5 , and the Young modulus (E) and Poisson ratio (ν) for each phase. For the α-Zr phase we have adopted the macroscopic values of E=98 GPa and ν=0.32 reported in Ref [11] . The corresponding values for the hydride phase are not so well defined due to the difficulties in producing bulk hydride samples. In a recent paper [12] , Puls et al have measured E for solid hydrides of different compositions produced from pressure tube material. They found a drastic drop in E from 97 GPa to 35 GPa over the composition range of the δ phase, i.e., from 1.56 < x < 1.8. Their results agree with the behaviour seen on microhardness tests over the same composition range [13] . So a precise definition of the elastic constants for the hydride phase is difficult. The volume fraction of δ-hydride varies across the blister, and we do not really know the local composition ZrHx of these hydrides. Moreover, it is not clear whether this composition has a proper meaning for such an inhomogeneous sample. We have adopted values of E=35GPa and ν=0.3 for the hydride, as we believe that the large lattice distortions seen for the blister coupon along the hoop and radial directions are linked to the cubic (δ) to tetragonal (ε) phase transformation, which occurs for x~1.7. Also, a low Young modulus could explain the broad hydride peaks observed for the hydride, as rather low intergranular stresses would result in relatively large strains. The stresses calculated for the two phases are shown as open symbols in Figure 6 . The solid symbols in the figure represent the "macroscopic" stress, calculated as the average of the phase stresses, weighted by the local volume fraction of each phase. The stresses along the long axis of the blister (axial) are compressive, whilst the perpendicular stresses are tensile. The stresses relax at the blister centre, possibly due to cracks occurring under the surface [3] . Larger stresses are experienced by the hydride phase than by the metal phase. Despite some differences in blister geometry, the shape and magnitude of the stress profiles are similar to the calculations presented in Ref [3] , as can be appreciated from the curves shown in Fig 6-(b) .
CONCLUSIONS
• We present a first attempt to measure the macroscopic residual stresses around and within a hydride blister grown on a Zr2.5%Nb pressure tube by synchrotron X-ray diffraction.
• The blister is composed by two crystallographic phases (δ-hydride and α-Zr), with volume fractions smoothly changing with position.
• Stresses along a line parallel to the surface were evaluated assuming a plane stress condition.
• Large stresses are observed at the blister-matrix interface: (-450±90) MPa in compression along the blister long axis and (+320±90) MPa in tension along the short axis.
• The uncertainty in the stress values results from the uncertainty in the elastic constants of the hydride phase.
• Large strains and broad peaks were observed for this phase, which were explained by a rather low Young modulus for the hydride (35 GPa).
